Different oxygen and nitrogen containing functional groups were created on the surface of the multi-walled carbon nanotubes. The multi-walled carbon nanotubes were treated in ultra sonic bath with sulfuric or nitric acid. Furthermore the surface texture was modified by increase of the roughness. In particular after treatment with the oxidizing nitric acid, in comparison to the H 2 SO 4 or ultra-sonic treated samples, craters and edges are dominating the surface structures. Manganese oxide was deposited on the multi-walled carbon nanotubes by precipitation mechanism. Various manganese oxides are formed during the deposition process. The samples were characterized by elemental analysis, microscopy, thermal analysis, Raman spectroscopy, and by the zeta potential as well as X-ray diffraction measurements. It was shown that the deposited manganese oxides are stabilized rather by surface texture of the multi-walled carbon nanotubes than by created functional groups.
two third. The third batch counts as reference for pure MWCNT. Treatment in ultra-sonic bath for two hours at room temperature was applied to remove amorphous carbon from the surface as described in literature [20] .
Impregnation of MWCNT with manganese (II)
The pre-functionalized MWCNT were divided into portions of 1.9 g each, and then wetted with distilled water to fill the inner channels of the carbon nanotubes. This favors a deposition on the outer surface of the MWCNT, following the selective deposition described in literature [21] . To obtain different loadings of manganese on each portion of the MWCNT, 20 mL of manganese (II) nitrate tetrahydrate (Mn(NO 3 ) 2 ·4H 2 O, Merck) solutions with increasing concentrations of 0.06 mol/L, 0.12 mol/L, and 0.18 mol/L, were added dropwise under stirring. For the loading of the ultra-sonic bath treated samples concentrations of 0.018 mol/L, 0.09 mol/L, and 0.18 mol/L were used. The pH value was kept constant at pH 8. The products were dried at 60 °C for 6 h and afterwards at 110 °C for 24 h in air.
Elemental analysis
The elemental analysis was executed by the external analysis laboratory Kolbe (Höhenweg 17, 45470
Mülheim an der Ruhr, Germany), using a Vario EL CHNOS-Analyzer from elementar company.
N 2 sorption measurements
N 2 sorption measurements were performed with an Autosorb6 (Quantachrome) at 77 K. The samples were outgassed for 2 h at 110 °C. The evaluation of the data was done by BET theory.
Microscopy
STEM Microscopy images were taken by a Cs corrected Hitachi HD-2700 STEM with a cold field emission gun and an accelerating voltage of 200 kV, equipped with an EDAX Octane T Ultra W EDX (energy dispersive X-ray) detector. HAADF and corresponding annular bright field STEM images were recorded using a double Cs corrected JEOL ARM microscope with a cold field emission gun. The instrument was operated at 200 kV.
Thermal anaylsis
Thermoanalytic analyses were performed with a NETSCH STA449F3 thermobalance setup connected to a quadrupole mass spectrometer (MS) QMS 403 D from Aëolus. Measurements were taken in Ar atmosphere with a constant gas flow of 50 mL/min in a temperature range of 40-1000 °C with a heating rate of 20 K/min. The corundum ceramic crucibles were filled with approximately 20 mg of sample material for the measurements.
Zeta potential
Zeta potentials were measured by a ZetaPALS90 analyzer from Brookhaven Instruments Corporation, equipped with an autotitrator. The principle of phase analysis light scattering (PALS) to determine the electrophoretic mobilities exhibits a 100 times higher precision than measurements by Doppler shift as described in detail in literature [22] . The phase shift was measured using a 639 nm laser, whereas the current of the cell was automatically adjusted at around 2 mA. 20 mL of the dissolved sample was dispersed in an ultra-sonic bath for 5 min and analyzed within a range of pH 10 to pH 2 adjusted by drops of NaOH and HNO 3 .
Raman spectroscopy
Raman spectra were measured using a Thermo Scientific DXR Raman Microscope with a 50x magnification and a 532 nm laser. The samples were measured for 2 s and an exposure rate of 2 with a laser power of 3 mW. The fitting procedure is described in detail in literature [23] . Briefly, two defect peaks (D, D') and one graphitic peak (G) were fitted to determine their percentage of the framework of the MWCNT. The D*/G ratio corresponds to the degree of defect sites calculated by the peak areas of the total sum of D-and D'-bands and the ideal graphitic band.
X-ray diffraction (XRD)
X-ray diffraction patterns were recorded in Bragg-Brentano geometry on a Bruker AXS D8 Advance theta/theta diffractometer, using Ni filtered Cu Kα radiation and a position sensitive LynxEye silicon strip detector.
Results and discussion

Effect of pre-treatment on MWCNT
Thermal analysis displays temperature depending decomposition of the material, which leads to the identification of different functional groups. Gravimetric measurements point to the amount of functional groups. The total mass loss of the MWCNT pre-treated with nitric acid is more pronounced than for sulfuric acid or even less for ultra-sonic bath treated samples as seen in Figure 1 . Considering the specific masses ( Figure 2 ) that were detected during the decomposition of the materials in dependence of temperature, it is possible to distinguish between different functional groups. As known from literature [14] the presence of CO 2 (44 amu) in a temperature range of 100-450 °C corresponds to carboxylic groups as seen for the nitric acid treated sample and slightly for the sulfuric acid treated sample. The carboxylic groups created on the surface of the MWCNT are less stable, due to occurrence at around 300 °C. Additional lactone groups have been detected for the nitric acid treated sample due to the occurrence of CO 2 at higher temperatures in-between 550 and 800 °C. Anhydrides can be identified by the common release of CO (28 amu) and CO 2 seen for the nitric acid sample and faintly visible for the sulfuric acid treated sample. A mass peak of NO (30 amu) was found for the nitric acid treated sample. This indicates nitrate groups or rather physisorbed HNO 3 due to the release at low temperatures caused by remaining acid although the samples were washed extensively with distilled water. Water peaks are detected for the sulfuric and nitric acid treated samples at low temperatures. These peaks are caused by water physisorbed at functional groups or inner channels that became accessible due to opening of the ends of the MWCNT from acid treatment [24] . Overall, the nitric acid treated sample contains various oxygen functional groups on the surface, while the sulfuric acid treated sample contain only minor functional groups. The MWCNT pre-treated in an ultra-sonic bath do not contain functional groups that could be determined by thermal analysis. Zeta potential measurements confirm the results determined by thermal analysis (Figure 3 ). The samples pre-treated in ultra-sonic bath, containing no functional groups on the surface, exhibit zeta potentials around zero mV. Negative zeta potentials are present for the acid treated samples, significantly more distinct for the nitric acid treated sample than for the sulfuric acid treated sample. sample has the highest defect ratio.
Manganese deposition
The deposited amount of manganese rises linearly with increasing concentration of added manganese (II) solution as summarized in Table 1 . This indicates a deposition precipitation loading mechanism. Thus, we expect a particulate nature of the Mn species rather than a molecular ion-exchange. The samples are henceforth named in accordance to the deposited amount of manganese. Nitrogen contents in the samples tend to be high due to remaining nitrate ions of the manganese(II)nitrate solutions and from physisorbed nitrogen on the surface from purging process. Differences of the added amount of manganese are related to differences in specific surface areas determined with N 2 sorption measurements and evaluated by BET theory. The specific surface areas increase after pre-treatment with sulfuric acid and more pronounced after pre-treatment with nitric acid caused by the effect of opening of the ends of the MWCNT [24] . As seen in Figure 6 , the specific surface area decreases immensely after impregnation with manganese (II) solution, due to filling of inner channels of the MWCNT. To get a further insight into the composition of the synthesized materials, the molar ratios Mn to O were calculated and plotted in Figure 7 . With increasing amount of deposited manganese the ratio decreases, following various manganese oxides are present. The Mn to O ratios of the ultra-sonic treated samples are close to 2, indicating that MnO 2 is present, confirming the considerations of the precipitation loading mechanism.
The ratios of the acid pre-treated samples are generally higher due to the fact that there is additional oxygen present from the functional groups. nitrate tetrahydrate from manganese deposition procedure is released at around 200 °C. The mandatory calcination process for applying these materials as electrodes has to be fulfilled due to the dependence of pre-treatment and manganese loading in a very careful way and was consequently omitted for this study. Considering that the applied laser wavelength influences the spectra immense [27] and different wavelengths were applied it is difficult to distinguish between the different manganese oxide compositions. In addition to this, the MWCNT perform a high background. With increasing amount of deposited manganese oxides the background of the Raman spectra increases furthermore due to fluorescence effects. The applied XRD and Raman methods reveal that various manganese oxides are present, significant differences between the different pre-treated samples could not be determined. The acid treatment and surface functionalization lead to a partial amorphization of the tube walls (Figure 11a ).
In case of H 2 SO 4 , the amorphization is less pronounced and occurs mainly at defects in the structure of the tubes, while graphitic and well crystalline regions do not show any degradation. In the HAADF images (Figure 10b, c) , manganese atoms and clusters show up as bright spots due to their higher atomic number. Manganese is found to be located at the edges on the surface of the MWCNT pre-treated with nitric acid whereas these stabilizing edges are missing on the surface of the H 2 SO 4 pre-treated sample.
Therefore manganese is distributed unspecific among the powder sample. Additionally to the small manganese clusters on the surface, manganese oxide particles are situated among the MWCNT when loaded with more than 4 wt% of manganese. and ultra-sonic (right) pre-treated samples.
Conclusions
Treatment of carbon nanotubes with sulfuric or nitric acid has a specific influence on the formation of functional groups on the surface. There are significant amounts of carboxylic acid, lactone and anhydride groups formed with nitric acid while only minor functional groups are present for H 2 SO 4 , determined by thermal analysis, and Raman fitting procedure. Craters and edges characterize the surface of the nitric acid pre-treated samples formed by discontinuity of the graphene layers. The outer graphene layers of the H 2 SO 4 pre-treated MWCNT stay mainly intact although there is an evident amount of functional groups formed on the surface. It was shown that the texture of the MWCNT is responsible for the stabilization of the deposited manganese. Functional groups on the surface play only a minor role when manganese is deposited by a precipitation mechanism. The precipitation loading mechanism led to the formation of small manganese oxide particle when exceeding a loading amount of 4 wt%. The formation of various manganese oxides could be observed by the applied Raman spectroscopy and XRD measurements. The synthesized materials are precursor for potential Mn-oxide electrocatalysts and have to be further transferred into an active form by calcination in a careful way.
